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Introduction: Data on the Ni concentration and 

distribution in kamacite (α) and taenite (γ) of meteor-
itic metal can be used to determine the cooling rates 
of meteorites. Several metallographic cooling rate 
methods have been used to determine the cooling 
rates of meteorites and have been recently reviewed 
[1]. The reliability of these models depends on the 
accuracy of the phase diagram and diffusion coeffi-
cients in Fe-Ni alloy systems. This paper reports a 
major revision to the Hopfe and Goldstein computer 
model [1] for kamacite growth in meteoritic Fe-Ni 
metal using the latest Fe-Ni phase diagram [2] and 
interdiffusion coefficient data [3]. The improved 
model is used to determine the cooling rates of the 
mesosiderites and the Toluca iron meteorite. 

Revised Model Parameters: Phase Diagram. The 
latest Fe-Ni phase diagram has been assessed experi-
mentally by Yang et al. [2] as shown in Fig. 1. The 
major revision in the phase diagram is in the region 
below 400 oC. At around 400 oC, the monotectoid 
reaction, γ1→  α+γ2, occurs, where γ2 is a high Ni    
ferromagnetic fcc phase which transforms to ordered 
FeNi γ" at around 320 oC. In the equilibrium diagram, 
around 345 oC, a eutectoid reaction, γ2→  α+γ', oc-
curs, where γ' is ordered Ni3Fe. 

 

 
Figure 1. Fe-Ni phase diagram [2]. The  (α+γ)/γ interface 
taenite composition as a function of temperature is shown 
by the bold line. 

P has a pronounced effect on the phase boundary 
in meteorites. We follow the same α/(α+γ) solvus line 
for Fe-Ni binary and Fe-Ni (P saturated) pseudo bi-
nary phase diagrams used by Hopfe and Goldstein 
[1]. For the (α+γ)/γ solvus line, we follow the same 
solvus line fit by Hopfe and Goldstein [1] at tempera-

ture above 400 oC. However, below 400 oC, instead 
of following the metastable γ2 and γ" phases [1], we 
use the equilibrium phase diagram boundary shown 
by the bold line in Fig.1 for the taenite composition at 
the taenite/kamacite interface. 

Interdiffusion coefficients. The equations for in-
terdiffusion coefficients in taenite of binary Fe-Ni 
alloy have been given by several researchers. Because 
we use the equilibrium phases γ2 between 400 oC and 
345 oC and γ' below 345 oC, information on interdif-
fusion coefficients for the Ni composition up to 65 
wt% is required. We cannot use the expression devel-
oped by Hopfe and Goldstein [1] since the equilib-
rium γ' has a Ni composition around 65 wt%. In this 
study, we use the experimental data of Goldstein et al. 
[4] and Dean and Goldstein [5] to refit an equation 
for taenite interdiffusion coefficients from 10 wt% to 
75 wt% Ni.  

Our recent study on influence of magnetic spin 
ordering on interdiffusion has shown that the interdif-
fusion coefficients in the ferromagnetic fcc Fe-Ni 
phase can deviate from the lines extrapolated from 
the high temperature paramagnetic phase [3]. We do 
not include this effect in current study, however.  

Our recent understanding of the magnetic contri-
bution to interdiffusion has make it necessary to re-
evaluate the interdiffusion coefficient in kamacite 
below the Curie temperature. Based on the theory of 
magnetic contribution to diffusion in Fe-Ni, a re-
evaluation of the experimental data has given a more 
accurate expression for the interdiffusion coefficient 
in kamacite [3]. The new interdiffusion coefficient in 
ferromagnetic kamacite is used in current study.  

The effect of P on the interdiffusion coefficients 
in Fe-Ni is given by  Dean and Goldstein [5].  

Mathematical Model: Kamacite growth simula-
tions are based on the numerical model by Hopfe and 
Goldstein [1]. The Murry and Landis [6] variable grid 
spacing technique and the Crank-Nicolson [7] ap-
proximation are used to solve the diffusion equation 
which describes the diffusional growth of kamacite 
from a matrix of taenite. The new phase diagram and 
interdiffusion coefficient data discussed above are 
incorporated in this model. 

Case Study: Application to mesosiderites. The 
new computer model is used to predict the cooling 
rates of four mesosiderites: Pinnaroo, Emery, Ester-
ville and Vaca Muerta. The average composition 
value of 9.78% Ni and 0.15%P for these mesosider-
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ates and a cooling temperature range from 700 oC to 
200 oC is used. The calculated results using the tae-
nite central Ni vs. taenite half width method are 
shown in Fig.2. The calculated results  by Haack et al. 
[8] and Hopfe and Goldstein [1] are also given in Fig. 
2. Fig.2 shows that the cooling rates predicted by the 
current model of 0.25~0.5 oC/My fit the experimental 
data quite well.  These cooling rates are higher than 
those predicted by Haack et al. [8] and about the 
same as the results obtained by Hopfe et al. [1] for the 
taenite half width larger than 10 µm. The most impor-
tant thing is that our current model can correctly pre-
dict the cooling rates for taenite half width less than 
~20 µm: a region poorly fit by Hopfe et al. [1] and 
not fit by Haack et al. [8]. We attribute the success of 
current model mainly to using the Fe-Ni equilibrium 
phase diagram given by Yang et al. [2] below 400 oC.  

 

 
 Figure 2. Central Ni content vs. taenite halfwidth for the 
Pinnaroo, Emery, Esterville and Vaca Muerta mesosid-
erites. 
 

The central Ni vs. taenite half width data in Fig.2 
can be used to explore whether γ2/γ' or γ2/γ" is the 
reaction product at the kamacite/taenite interface be-
low 400 oC. If γ2/γ" is assumed to be the interfacial 
reaction product, it has Ni composition around 48%-
52% based on the phase diagram. Equilibrium should 
be maintained not only at the reaction phase interface, 
but also in the center region of the taenite for taenite 
half widths less than 10 µm where it also has Ni com-
position around 48%-52% based on the experimental 
central Ni. The low taenite interdiffusion coefficients 
below 400 oC make it very difficult to reach a Ni 
composition (~52 wt%) for the center region of the 
taenite. Therefore, it is not surprising that Ni contents 
below 52 wt% were reported for the taenite half 
widths less than 10 µm using the Hopfe and Goldstein 
model [1]. On the other hand, if γ2/γ' is the interfacial 
reaction product which has a Ni composition from 
48% to 53% (γ2) between 400 oC and 345 oC, and 

~65% (γ') below 345 oC, it is possible for the central 
Ni of taenite, less than 10 um, to reach a Ni value of 
52% or more.  

Application to iron meteorite. The central Ni con-
tent vs. taenite half width for a cooling rate of 25 
oC/My for the Toluca iron meteorite (8.14% Ni and 
0.15% P) is calculated as shown in Fig.3. The ex-
perimental data of Saikumar et al. [9] and Wood [10] 
as well as calculated cooling rates by Saikumar et al. 
[9] and Hopfe et al. [1] are also given in Fig.3. A 
cooling rate of 25 oC/My fits the experimental data 
using all three models. The central Ni content vs. 
taenite half width curve predicted by the current 
model fits the experimental data quite well, especially 
for taenite halfwidths less than ~10 µm.  

 
Figure 3. Central Ni content vs. taenite halfwidth for 
Toluca iron meteorite. 
 

It is important to point out that cooling rates may 
be less than those predicted by this model, if the 
magnetic contribution to interdiffusion in γ2 and γ' 
phases is considered. The value of the interdiffusion 
coefficients in γ2 and γ' is less compared to the para-
magnetic γ phase at the same Ni composition [3].  
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